The angular dispersion of spatially Gaussian laser pulses, unlike for plane waves, changes with the distance between the disperser and the observer and between the beam waist and the disperser. The formula that is derived is experimentally verified by use of a high-precision measurement technique. Because the angular dispersion of a Gaussian beam is substantially different from that of a plane wave after the same disperser, the phenomenon may be of special interest for short-pulsed laser systems, for which alignment of the stretcher-compressor system for zero residual angular dispersion is essential.
Angularly dispersive elements are widely used in laser systems. Prisms and gratings in stretcher and compressor systems or in pulse-shaping configurations are used to spread broadband pulses spectrally, to facilitate spectrally selective transformations. To our knowledge, in the modeling of such systems plane-wave approximations were used almost exclusively. 1 -3 However, theoretical calculations show that, with respect to angular dispersion, Gaussian beams behave differently. 4, 5 The term "angular dispersion" is ambiguously def ined in the literature. The angle between the propagation directions of the spectral components 6 of a broadband beam is described by this term, as is the angle between phase fronts of different wavelengths. 7 For planar waves these two quantities are identical, as shown in Fig. 1 . However, for all waves of curved phase fronts such as spatially Gaussian beams these quantities are different (cf. Fig. 2 ). For ultrashort laser pulse propagation the angle between the phase fronts is more relevant, because the pulse-front tilt, which is often connected with angular dispersion, is directly affected by the angle between the phase fronts and not by the angle between propagation directions. Here we use angular dispersion in the following sense: It is the wavelength derivative of the angle of the spectral phase fronts of a Gaussian beam.
The effect of the Gaussian nature of a laser beam on a pulse-front tilt was previously studied theoretically, but it has not been verified experimentally. Martinez 5 developed a mathematical model to describe the change in pulse-front tilt that occurs during propagation of Gaussian beams, interpreting the effect in the time domain. The model of Horváth et al. 8 comprises a physical explanation of the effect in the frequency domain but applied for a limited case (the beam waist at the disperser, only). In this Letter we contribute to the subject in two ways: We use a simple and intuitive model to describe the physical effect of a dispersive element on Gaussian beams that permits the calculation of angular dispersion; the interpretation is given in the frequency domain. Then, using a newly developed, high-precision measurement technique, 9 we verify the results experimentally. Comparison of this research with the previously mentioned references 5, 8 will require an expression of the relationship of pulse-front tilt and angular dispersion. Such a formula is available for planar waves 10, 11 but not for Gaussian beams.
Dispersive elements in a linear approximation are characterized by the partial derivatives 4 DQ aDg 1 hDl ,
where g is the angle of incidence onto the disperser, l is the wavelength, and Q͑l, g͒ is the angle of the output beam. Considering a Gaussian spatial prof ile for the incident pulse, we use the complex beam parameter to describe the properties of the beam. Notation is shown in Fig. 3 . Propagation through empty space is described in terms of the beam parameter as
To simplify calculations we introduce the Rayleigh length L R pw 0 2 ͞l. Rearranging formula (18) of Martinez 4 transforms the beam parameter for the central wavelength at a disperser into The output beam therefore has a beam waist of
which is virtually at a distance
Because usually in laboratory systems the small beam of an oscillator is sent through a prism as close to the apex as possible, in the above calculations we neglected changes in the beam parameter on propagation in the prism. Thus the formalism above concentrates on the angular dispersion only, which is hence valid for other types of dispersers than gratings, too.
The derivation above carries a picturesque description of the effect of a disperser on a Gaussian beam: the output beam is also Gaussian, with transformed parameters of Eqs. (4) and (5). The Rayleigh length after the disperser becomes L R 0 L R ͞a 2 , and the curvature of the phase front of the Gaussian beam observed at a distance s from the disperser is
Angle DQ 0 of phase fronts, in general, differs from the angle of propagation of the spectral components, DQ. For small angles we get (see Fig. 2 )
In the usual practice, prisms are used at minimum deviation and gratings in the Littrow configuration, and this corresponds to a 1, which gives Q g, w 0 0 w 0 , and d 0 d. Equation (7) describes the change of angular dispersion ≠Q 0 ͞≠l along the direction of propagation of a Gaussian beam. For planar waves, angular dispersion is described by the constant h ≠Q͞≠l.
We have tested experimentally the validity of the derivation described above. Pulses of a Ti:sapphire oscillator (30 fs; 76 MHz; spectral bandwidth, 54 nm) were focused by an achromatic lens ͑f 200 mm͒ to produce a Gaussian beam with a known waist of w 0 120 mm. The beam was then sent through a fused-silica prism (apex angle, 45 ± ) that was placed at various distances from the beam waist and the screen. Measurements were carried out as a function of incidence angle at the prism. We analyzed the beam with a spectrally resolved interferometer 9 to obtain the value of angular dispersion for the central wavelength, l 0 800 nm, with an accuracy of 0.2 mrad͞nm. In Fig. 4 the measured data and the corresponding theoretical values are shown as discrete symbols and as dashed curves, respectively. As was emphasized above, the angle of the propagation vectors and the angle of the phase fronts are distinct quantities, though they coincide for plane waves. The solid curves in Fig. 4 correspond to angular dispersion in beams with plane phase fronts, or, in other words, to the angle between the propagation directions in any beam. The figure shows that a remarkable difference exists between beams of f inite and of infinite extent: Gaussian beams possess an angular dispersion that is lower in magnitude than that of plane waves traveling through the same dispersive element.
The good f it of experimental data on the theoretical curves gave an experimental verif ication of the model. As the effect of the disperser has been taken into account in the same way as in Ref. 4 [cf. Eq. (3)] the experimental proof of our model is an indirect experimental verification of Martinez's model, too.
Angular dispersion of a Gaussian beam changes with the distance of the beam waist to the disperser ͑d͒ as well as with the distance of the disperser and to the observation screen ͑s͒. The theoretical model has been explained and a formula derived for angular dispersion of a Gaussian beam. Also, using a high-precision method based on spectrally resolved interferometry, we measured the angular dispersion of a Gaussian beam. We have seen very good agreement between theory and experiment. The data have also been compared with the results of a plane-wave approximation. This comparison shows that, for laser beams of a Gaussian nature, even well out of the Rayleigh range the values of angular dispersion show remarkable differences.
It is important to note that the properties of the phase shift and hence the dispersion compensation of well-aligned sequences of angularly dispersive elements, such as pulse compressors, are the same for Gaussian and plane waves, as was shown by Martinez. 4 If a pulse compressor exhibits residual angular dispersion, 12 -14 however, for a Gaussian beam it will vary with distance according to Eq. (7). Thus the chirp introduced into the pulse also depends on distance, which is hard to compensate for. A further discussion of this problem is certainly beyond the scope of this Letter. The experiment described here verified our model for the evolution of angular dispersion in Gaussian pulses. Furthermore, as the effect of the disperser has been taken into account in the same way as in Ref. 4 
